Abstract-Histotripsy produces tissue fractionation through dense energetic bubble clouds generated by short, high-pressure, ultrasound pulses. Conventional histotripsy treatments have used longer pulses from 3 to 10 cycles, wherein the lesionproducing bubble cloud generation depends on the pressurerelease scattering of very high peak positive shock fronts from previously initiated, sparsely distributed bubbles (the shockscattering mechanism). In our recent work, the peak negative pressure (P−) for generation of dense bubble clouds directly by a single negative half cycle, the intrinsic threshold, was measured. In this paper, the dense bubble clouds and resulting lesions (in red blood cell phantoms and canine tissues) generated by these supra-intrinsic threshold pulses were studied. A 32-element, PZT-8, 500-kHz therapy transducer was used to generate very short (<2 cycles) histotripsy pulses at a pulse repetition frequency (PRF) of 1 Hz and P− from 24.5 to 80.7 MPa. The results showed that the spatial extent of the histotripsy-induced lesions increased as the applied P− increased, and the sizes of these lesions corresponded well to the estimates of the focal regions above the intrinsic cavitation threshold, at least in the lower pressure regime (P− = 26 to 35 MPa). The average sizes for the smallest reproducible lesions were approximately 0.9 × 1.7 mm (lateral × axial), significantly smaller than the −6-dB beamwidth of the transducer (1.8 × 4.0 mm). These results suggest that, using the intrinsic threshold mechanism, well-confined and microscopic lesions can be precisely generated and their spatial extent can be estimated based on the fraction of the focal region exceeding the intrinsic cavitation threshold. Because the supra-threshold portion of the negative half cycle can be precisely controlled, lesions considerably less than a wavelength are easily produced, hence the term microtripsy.
I. Introduction
H istotripsy is a noninvasive, cavitation-based therapy that uses very short, high-pressure ultrasound pulses to generate a dense, energetic, lesion-producing bubble cloud. This histotripsy treatment can create controlled tissue erosion when it is targeted at a fluid-tissue interface [1] - [3] and well-demarcated tissue fractionation when it is targeted within bulk tissue [4] - [6] . additionally, histotripsy has been shown to be capable of fragmenting model kidney stones using surface erosion that is mechanistically distinct from conventional shockwave lithotripsy (sWl) [7] , [8] . Histotripsy therapy can be guided and monitored using ultrasound b-mode imaging in real time, because 1) the cavitating bubble cloud appears as a temporally changing hyperechoic region in b-mode imaging, allowing the treatment to be precisely targeted, and 2) the echogenicity of the targeted region decreases as the degree of tissue fractionation increases, which can be used as a way of monitoring lesion production (image feedback) in real time [9] - [11] .
In conventional histotripsy treatments, ultrasound pulses with ≥3 acoustic cycles are applied, and the bubble cloud formation relies on the pressure-release scattering of the positive shock fronts (sometimes exceeding 100 MPa, P+) from initially initiated, sparsely distributed bubbles (or a single bubble). This has been called the shock scattering mechanism [12] . This mechanism depends on one (or a few sparsely distributed) bubble(s) initiated with the initial negative half cycle(s) of the pulse at the focus of the transducer. a cloud of microbubbles then forms because of the pressure release backscattering of the high peakpositive shock fronts from these sparsely initiated bubbles. These back-scattered high-amplitude rarefactional waves exceed the intrinsic threshold, thus producing a localized dense bubble cloud. Each of the following acoustic cycles then induces further cavitation by the backscattering from the bubble cloud surface, which grows toward the transducer. as a result, an elongated dense bubble cloud growing along the acoustic axis opposite the ultrasound propagation direction is observed with the shock scattering mechanism. This shock scattering process makes the bubble cloud generation not only dependent on the peak negative pressure, but also the number of acoustic cycles and the amplitudes of the positive shocks. Without these intense shock fronts developed by nonlinear propagation, no dense bubble clouds are generated when the peak negative half-cycles are below the intrinsic threshold.
Therefore, the cavitation threshold for the shock scattering mechanism varies with the applied exposure conditions, and the reported thresholds (P−) range from 6 to 15 MPa [13] , [14] for degassed water and 13.5 to 21 MPa in tissue and tissue phantoms [12] , [15] . The spatial extent of the bubble cloud is not well-defined and it changes with the variation in shock scattering process created by different exposure conditions. Moreover, for pulses longer than about 8 to 10 cycles, the elongating bubble cloud moves out of the focal zone. Thus, longer pulses do not enhance lesion formation [16] .
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In our recent work [17] , a second mechanism for bubble cloud formation was proposed and investigated. This occurs when one or more negative half cycle(s) of the applied ultrasound pulses exceed(s) an intrinsic threshold of the medium, thus directly forming a dense bubble cloud without shock scattering. This intrinsic threshold is defined by a very sharp transition zone, and is relatively insensitive to the inhomogeneities in soft tissue or the lack of dissolved gases. Moreover, this intrinsic threshold is independent of the applied positive pressure, because the influence of shock scattering is minimized when applying pulses less than 2 cycles. The reported threshold (P−), where the probability of cavitation (formation of a dense bubble cloud) for a single pulse is 0.5, is between 26.4 and 30.0 MPa in samples with high water content, including water, hydrogel, and soft tissue. because of the sharp, highly repeatable threshold, at negative pressure amplitudes not significantly greater than this, a dense energetic lesion-forming cloud of microbubbles is generated consistently with a spatial pattern similar to the part of the negative half cycles(s) exceeding the intrinsic threshold. That part of the therapy pulse exceeding the intrinsic threshold, and the resulting spatial extent of the lesionforming bubble cloud, are independent of positive shocks and the somewhat chaotic shock scattering phenomenon. Therefore, the spatial extent of the lesion generated using this mechanism is expected to be well-defined and more predictable. The lesion size can be easily controlled, even for small lesions, simply by a precise adjustment of the therapy pulse amplitude.
In this paper, the characteristics of the lesions generated by the intrinsic threshold mechanism were investigated using red-blood-cell (rbc) tissue-mimicking phantoms and ex vivo canine tissues. More specifically, a 500-kHz therapy transducer, which generated histotripsy pulses of less than 2 cycles, was used, and various sizes of lesions in rbc phantoms and canine tissues were generated using various acoustic pressure levels. The smallest possible lesion that could be generated consistently with this transducer was tested by lowering the applied acoustic pressure to a level that was just above the intrinsic cavitation threshold. The lesion sizes in rbc phantoms were quantified based on the optical images taken by a high-speed camera, and the lesion sizes in ex vivo tissue were quantified based on ultrasound b-mode images and histological sections. Estimates for the sizes of the lesions based on how large the focal regions were above the cavitation thresholds were also computed and compared with the sizes of the lesions generated experimentally.
II. Materials and Methods

A. Sample Preparation
Experiments were performed on rbc tissue-mimicking phantoms and ex vivo canine kidneys and livers. The procedures described in this study were approved by the University of Michigan's committee on Use and care of animals.
The rbc tissue-mimicking phantom can be used for the visualization and quantification for cavitation-induced damage [18] . In this study, fresh canine blood was obtained from adult research canine subjects in an unrelated study. an anticoagulant solution of citrate-phosphate-dextrose (cPd; c7165, sigma-aldrich, st. loius, Mo) was added to the blood with a cPd-to-blood ratio of 1:9 (v:v), and kept at 4°c before usage. The blood stored under these conditions could last for approximately one month, and, in this study, it was used within three weeks after blood collection. The rbc phantoms were prepared from an agarose-saline mixture and rbcs, following the protocols described in a previous paper [18] . The agarose-saline mixture consists of low-melting-point agarose powder (aG-sP, labscientific, livingston, nJ) and 0.9% saline at an agarose-to-saline ratio of 1:100 (w:v). This rbc tissue-mimicking phantom has a three-layer structure with a very thin (~500 µm) rbc-agarose-saline hydrogel layer in the center, and a transparent agarose-saline hydrogel layer (~2 cm thick) on the top and at the bottom. The central rbc-agarose layer serves as a real-time indicator for cavitational damage because, at the place where cavitational damage is induced, the rbc-agarose mixture will change from translucent and red to transparent and colorless within 1 s because of rbc lysis [18] .
Experiments were also performed in ex vivo canine kidneys and livers to validate the results observed in the rbc phantoms. The excised canine kidneys and livers were collected from adult canine subjects from an unrelated study, kept in 0.9% saline at 4°c, and used within 36 h. before the experiments, the kidneys and livers were submerged in degassed 0.9% saline and placed in a chamber under partial vacuum (~33 kPa, absolute) at room temperature for 1 to 2 h. The tissues were then sectioned into small specimens (~3 × 3 × 3 cm) and embedded in a 1% agarose hydrogel that consisted of low-melting-point agarose and 0.9% saline.
B. Histotripsy Pulse Generation and Calibration
Histotripsy pulses were generated by a 32-element, 500-kHz therapy transducer that was directly mounted on one side of a water tank filled with degassed water at room temperature (40% of normal saturation determined by po 2 ). The gas saturation was measured by a commercial dissolved oxygen meter (ysI5000, ysI Inc., yellow springs, oH). The active elements in the transducer consisted of 50.8-mm-diameter PZT-8 discs, each individually mounted to an acoustic lens with a geometric focus of 150 mm. The elements were arranged in a large hemispherical configuration with an f-number of approximately 0.5. To generate short therapy pulses, a custom high-voltage pulser developed in-house was used to drive the transducer elements. The pulser was connected to a field-programmable gate array (FPGa) development board (altera dE1, Terasic Technology, dover, dE) spe-cifically programmed for histotripsy therapy pulsing. This setup allowed the transducer to output short pulses consisting of less than two cycles. a fiber-optic probe hydrophone (FoPH) built in-house [19] was used to measure the acoustic output pressure of the therapy transducer. Fig. 1(a) shows the directly measured, free-field acoustic waveform of a typical histotripsy pulse generated by the 32-element, 500-kHz therapy transducer before inducing cavitation on the tip of FoPH. The peak negative pressures beyond the cavitation threshold were estimated by the summation of the output focal P− from individual elements. above the cavitation threshold, the glass-fiber sensor was consistently shattered. In the previous study [17] , this estimate had a good agreement with the P− measured directly in a higher cavitation threshold medium, 1,3 butanediol. Furthermore, for the therapy transducer used in this study, each element was self-focused, and their acoustic waves did not overlap significantly until they reached the focus. Fig. 1(b) plots the focal acoustic pressure as a function of the peak-to-peak electrical driving voltage (to one representative element in the therapy transducer), with both axes in logarithmic scales. The actual P− values before reaching cavitation threshold were measured directly by driving all the elements at the same time, and are plotted as solid circles. The estimated P− values from the summation of individual elements are plotted as empty squares. The P− estimates from the summation showed a trend similar to the ones from the direct measurement, and they had a good agreement at the driving voltage of 492 V, where P− = 20.9 MPa via direct measurement and P− = 21.0 MPa via the estimate from summation. The −6-db beamwidths (calculated based on P−) at the output pressure level of P− = 8.5 MPa were measured to be 1.80 and 4.04 mm in the lateral and axial directions, respectively. rectangular, custom-made, plastic gel holders (4 × 4 × 8 cm) with acoustically transparent membranes (50-µm-thick clear duralar polyester films, McMaster-carr, aurora, oH) glued on their sides, as shown in Fig. 1(c) , were used to hold the rbc phantoms and agarose-hydrogel-embedded tissue specimens. The influence of the plastic gel holders on focal P− and 1-d beam profiles was also investigated. based on the acoustic pressure measurement with the plastic gel holder in place, the P− was attenuated by 12% (1.1 db), and this attenuation could be attributed to both the reflection resulting from impedance mismatch and absorption in the plastic material. However, the 1-d beam profiles in lateral and axial directions did not change significantly, as shown in Figs. 1(d) and 1(e). The applied P− was then corrected by the attenuation contributed by the plastic gel holder. additionally, the applied P− was further linearly corrected for the attenuation contributed by agarose hydrogel and canine specimens with previously reported attenuation coefficients [17] , [18] , [20] . Tables I  and II 
C. Treatment in RBC Phantoms and Lesion Analysis
The experiment setup in the rbc phantom experiment is illustrated in Fig. 2 . besides the histotripsy pulse generation described in the previous section, a digital, cMos, high-speed camera (Phantom V210, Vision research, Wayne, nJ) was positioned perpendicularly to the water tank in an orientation that allowed for the visualization of the axial-lateral plane of the therapy transducer. The camera received trigger signals from the FPGa board, which maintained the synchronization of image capturing and the delivery of histotripsy pulses. The rbc phantoms were mounted on a 3-axis motorized positioner (Parker, cleveland, oH), submerged in the water tank with the corresponding orientation for the visualization of axiallateral-plane lesions, and illuminated by a continuous wave (cW) white light source for high-speed photography. The rbc phantom, therapy transducer, and camera were aligned by visually adjusting the sharpness of the rbc layer and the cavitation bubble as they appeared in the high-speed images.
Each intended treatment region in the rbc phantoms was exposed to 500 histotripsy pulses at a PrF of 1 Hz. single-focal-point exposures were performed in each case. a PrF of 1 Hz was chosen to exclude the contribution of the cavitation memory effect described in a previous paper [21] . Pressure levels listed in column 4 of Table I were used in these rbc phantom experiments.
during histotripsy treatment, the cavitational bubble clouds and their resulting damage in rbc phantoms were evaluated by optical images captured by the Phantom V210 high-speed camera. With an additional magnifying lens (Tominon, 1:4.5, f = 135 mm) used along with the camera, the resolution of these captured images was approximately 14 to 15 µm per pixel. The rbc phantoms were back lit with cW white light, thus the captured optical images would appear as shadow graphs in which the cavitational bubble clouds appeared dark black, the rbcs appeared gray, and the histotripsy-induced lesions appeared white. For every delivered histotripsy pulse, two images were acquired, one (bubble cloud image) at 10 µs after the arrival of the pulse, where the maximal spatial extent of the bubble cloud was observed, and the other (lesion image) at 500 ms after the arrival of the pulse, where only histotripsy-induced damage in the rbc phantom was observed.
These optical images were then post-processed with Matlab (r2011a, The MathWorks Inc., natick, Ma) using a method similar to those described in previous papers [18] , [21] . The lesion image was first converted to gray scale, and then converted to a binary image using the threshold determined by the built-in function graythresh in Matlab. The regions with brightness that were higher than the threshold would become 1 (white) in the binary image and would be considered damaged. In contrast, the regions with brightness less than the threshold would become 0 (black) and be considered intact. The white regions that were smaller than 4 pixels (corresponding to regions less than 8 µm in radius) were considered to be noise and excluded from the damage zone. by counting the number of the white pixels in the binary image and converting it to actual size with the help of a pre-captured scale image, the area, length, and width of the lesion were determined. The bubble cloud images were quantified in a similar way, except the thresholds for binary image conversion were calculated based on the mean and standard deviation of the intensity of the bubble cloud, and the bubble cloud would be identified as 0 (black). Then, the regions occupied by bubble clouds were overlaid after 500 applied histotripsy pulses, and the sizes in the lateral and axial dimensions of the overlaid bubble cloud occupied regions were further quantified. For each lesion, the lesion development process was studied by investigating the relationship between the quantified lesion area and the number of the histotripsy pulses that had been applied. To compare this lesion development process for different pressure levels, the lesion sizes were further normalized to their maximal extents, which occurred after the application of 500 histotripsy pulses.
D. Treatment in Ex Vivo Tissues
To validate the results in rbc phantoms, experiments were also performed in ex vivo canine renal and hepatic specimens, as mentioned earlier. canine renal and hepatic specimens that were embedded in agarose hydrogels were mounted on the 3-axis motorized positioner, and ultrasound b-mode imaging, instead of high-speed photography, was used to monitor the histotripsy treatment. The ultrasound b-mode imaging was performed using a commercial aTl l12-5 linear ultrasound probe (advanced Technology laboratories Inc., bothell, Wa), along with a commercial aTl HdI 5000 ultrasound scanner.
Each intended treatment region was exposed to 500 histotripsy pulses at a PrF of 1 Hz, and a single-focal-point exposure was performed. Various pressure levels, listed in columns 4 and 5 of Table II , were applied to various regions of the specimens. To better identify the smaller lesions after treatment, two surface markers (10 mm separation) with higher pressure levels were generated on the surface of canine tissue specimen, along with two large lesions generated 6 mm beneath the two surface markers. The small lesion was then generated between these two large lesions and approximately 6 mm beneath the surface of the tissue specimen.
The lesions were then evaluated with both histological sections and ultrasound b-mode imaging. For histological section preparation, the treated canine specimens were fixed with 10% phosphate-buffered formalin (Fisher scientific, Fair lawn, nJ) and sectioned into approximately 3-mm-thick slices along the lateral-axial planes of the lesions using a regular kitchen knife and surgical scalpels. These slices were then further processed into 4-µm-thick histological sections with 100 µm sectioning step size using a microtome and stained with hematoxylin and eosin (H&E). Visual inspection using bright-field microscopy was performed to identify the section with maximal spatial extent of the damage among all sections for each sample. The maximal extents of the lesions in the lateral and axial directions were quantified based on the bright-field microscopic images with the help of a pre-calibrated scale.
Ultrasound b-mode imaging allows us to evaluate the tissue treatment outcome in real time, because the echogenicity in b-mode imaging of a treated region decreases as the degree of tissue fractionation increases [10] , [11] . In this study, to resolve the lesions generated in the tissue specimens, especially the smaller ones generated with lower pressure level, an rMV 707b high-frequency ultrasound probe (15 to 45 MHz, Visualsonics, Toronto, on, canada), along with a Vevo 770 high-frequency ultrasound scanner (Visualsonics), was used to evaluate the lesion after treatment. because of the short working distance of the ultrasound probe (focal length = 12.7 mm), tissue specimens were taken out of the gel holder and agarose hydrogel was removed during the ultrasound evaluation process. The axial and lateral dimensions of the lesions were then measured based on the hypoechoic regions that appeared in the recorded b-mode images.
E. Lesion Size Estimation
The probability for the generation of a dense bubble cloud using a single, short pulse (≤2 cycles) is a function of the applied P−. This cavitation probability curve follows a sigmoid function [17] , given by Fig. 2 . a schematic illustration of the experiment setup. a 32-element therapy transducer was directly mounted on one side of a water tank and the tank was filled with degassed water. The therapy transducer was driven by a high-voltage pulser that was connected to an FPGa development board. a red blood cell (rbc) phantom was submerged in the water tank and illuminated by a continuous wave white light source for high-speed photography. In the ex vivo canine tissue experiment, a tissue specimen embedded in a gel holder was used instead of the rbc phantom, and ultrasound b-mode imaging monitoring was used instead of high-speed photography.
where erf is the error function, p t is the pressure that gives a cavitation probability (P cav ) of 0.5, and σ is a variable that relates to the transition width in the cavitation probability curve, with ±σ giving the difference in pressure for cavitation probability from 0.15 to 0.85. The p t and σ values in water, gelatin gel, and high-water-content soft tissue were found to be within the range of 26 to 30 MPa (p t ) and 0.8 to 1.4 MPa (σ) [17] . Fig. 3 shows representative cavitation probability curves for producing dense bubble clouds in water plotted using the empirical values of p t and σ determined in the previous study. because the histotripsy pulses used in this study (500 kHz center frequency at PrF = 1 Hz) were different from those used in the previous study [17] (1 MHz center frequency at PrF = 0.33 Hz), the cavitation probabilities for the 500 kHz histotripsy pulses were also experimentally investigated and plotted in Fig. 3 . This investigation was performed using a passive cavitation detection (Pcd) approach similar to the one described in [17] . a needle hydrohpone (Hnr-0500, onda corp., sunnyvale, ca) was mounted orthogonal to the acoustic propagation path, and pointing to the focus of the transducer. For the signal analysis, the spectral energies within 600 to 900 kHz (1.5f ) of the received scattered signals were first integrated (integrated power spectrum, S Pcd ). For each applied pressure, the expected value for S Pcd without cavitation was then determined by extrapolating the S Pcd from really low pressures (1 to 5 MPa) based on their focal intensities obtained from calibration measurements. If the measured S Pcd is greater than the expected value by five standard deviations, a dense bubble cloud is considered to have occurred during the pulse.
From this measurement and the results showing in Fig.  3 , it is reasonable to assume the cavitation thresholds are insensitive to both the center frequency of the transducer (at least between 500 kHz and 1 MHz) and the pulse repetition frequency (when PrF ≤1 Hz, with minimal cavitation memory effect [21] involved). The empirical values of p t and σ listed in [17] for gel phantom and renal tissue were then used in the size estimation for the lesions generated in this study.
as illustrated in Fig. 4 , the expected lesion sizes in the lateral and axial dimensions were estimated by linearly scaling 1-d beam profiles to the applied P−, then evaluating the regions on the scaled profiles where the P− values exceed a pressure threshold. This pressure threshold for lesion size estimation (P lsE ) was defined as the P− that gives a 50% probability of observing at least one dense bubble cloud generation event over the course of 500 delivered pulses.
because (1) only showed the cavitation probability curve for a single pulse (P cav ), we first used the binomial theorem to calculate the P cav that would give a 50% probability of observing at least one dense bubble cloud generation per 500 pulses. This P cav was calculated to be 0.0014. In 5% gelatin hydrogel, the P− that resulted in P cav = 0.0014 was calculated to be 23.4 MPa (P lsE ) using the empirical values of of p t and σ listed in [17] . This P lsE was used to estimate the size of the lesions that would be produced in rbc phantoms, because the acoustic properties of 1.5% agarose hydrogel are similar to those of 5% gelatin hydrogel. In renal tissue, the P lsE was calculated to be 26.1 MPa, which was then used to estimate the size of the lesion that would be produced in the ex vivo canine kidney experiments.
III. results
A. Experiments on RBC Phantoms
a total of 74 lesions were generated in rbc phantoms with nine pressure levels (listed in column 4 of Table I) , and each pressure level contained a total of nine lesions, with the exception of two lesions for P− = 24.5 MPa. In the case of P− = 24.5 MPa, cavitational bubbles were not generated in response to every applied histotripsy pulse, and the shapes of the lesions were not well-confined and they varied between samples. Therefore, for P− = 24.5 MPa, only the lesion and bubble cloud images are shown in Figs. 5 and 6, and no further quantitative analysis was performed. In the pressure levels from P− = 26.2 MPa to P− = 80.7 MPa, bubble clouds were consistently generated in every applied histotripsy pulse. Fig. 5 shows representative lesion and bubble clouds images at the 500th pulse, whereas Fig. 6 demonstrates the lesion development process and shows representative lesion images for pulses 1, 10, 20, 50, 100, and 500. The images for P− = 27.3 MPa and 27.9 MPa did not vary significantly from the images for P− = 26.2 MPa, so they Fig. 3 . The probability for the generation of a dense bubble cloud using a single, short (≤2 cycles) pulse. The data from this study (500-kHz center frequency transducer in filtered 40% po 2 water) were plotted as solid circles (PrF = 0.33 Hz) and solid squares (PrF = 1 Hz), with vertical error bars indicating one standard deviation. The sigmoidal cavitation probability curves, plotted using the empirical values of p t and σ determined in the previous study [17] (1 MHz at PrF = 0.33 Hz), are shown as dotted line (distilled 10% po 2 water) and dashed line (unfiltered 90% po 2 water).
are not included. The pressure level of P− = 80.7 MPa resulted in an extreme outcome, and its result is shown separately in Fig. 7 . as can be seen in Fig. 5 , the spatial extent of both the lesion and the bubble clouds increased as the applied pressure level increased. as shown in Fig.  6 , the lesion development process started from the center with minimal damage at the periphery. Then, the lesion gradually grew outward as the number of applied pulses increased.
The extreme case came when the applied P− was increased to 80.7 MPa, in which collateral damage along the axial direction was observed [ Fig. 7(a) ]. based on the 1-d extrapolated beam profiles along axial [ Fig. 7(b) ] and lateral [ Fig. 7 (c)] directions at this pressure level, the applied pressure at the post-focal grating lobe in the axial direction was close to the threshold for lesion size estimation, P lsE . This corresponded well with the finding in Fig. 7(a) , demonstrating that collateral damage occurred at the location where the grating lobe was close to that threshold.
The quantified sizes of the lesions and the overlaid bubble cloud occupied regions are plotted in Figs. 8(a) and 8(b), along with their estimates based on the focal profile regions above the P lsE threshold. as shown in the figure, the quantified sizes for both the lesions and overlaid bubble cloud occupied regions increased linearly with the applied P−. The sizes for lesions were slightly smaller than those for the overlaid bubble-cloud-occupied regions, and the differences between them were in the range of 0.5 to 1 mm. The average lesion widths ranged from 0.90 mm (P− = 26.2 MPa) to 3.91 mm (P− = 80.7 MPa), whereas the average lesion lengths ranged from 1.86 mm (P− = 26.2 MPa) to 7.57 mm (P− = 80.7 MPa). The estimates derived using P lsE = 23.4 MPa corresponded well to the quantified lesion sizes in lower pressure levels. However, as the pressure level increased, greater discrepancy between the quantified lesion sizes and the estimates was observed in both lateral and axial directions. note that there was a discontinuity in the estimated lesion size in the axial direction around P− = 70 MPa. This was because of an inflection in the 1-d axial beam profile at the bottom of the main lobe, as shown in Fig. 7(b) (around −3 mm) .
Figs. 8(c) and 8(d) plot the quantitative results of the lesion development processes for various pressure levels. For clarity, the results from P− = 27.3, 27.9, and 43.2 MPa Fig. 4 . Illustration for the lesion size estimation using the lateral direction as an example. (a) a normalized lateral beam profile which plots P− values that were normalized by the P− at the focus (position = 0 mm). (b) The estimated lateral beam profile was obtained by multiplying the normalized beam lateral profile from (a) with the estimated P− that was applied to the focus. (c) a threshold based on the cavitation probability curve was applied, the region above the threshold would be determined as damage zone, and then the lesion size was calculated. For red blood cell phantom experiments, this threshold (P lsE ) is P− = 23.4 MPa (see section II-E for the calculation of this value).
Fig. 5. [(a)-(f)] representative lesion and [(g)-(l)
] bubble cloud images in red blood cell phantoms after 500 histotripsy pulses had been applied. These images were taken in the axial-lateral plane of the therapy transducer, and the histotripsy pulses propagated from the left to the right of the field. as can be seen, the spatial extents of both the lesion and bubble cloud increased as the applied pressure level increased. The images for P− = 27.3 and 27.9 MPa are not included in this figure because they don't differ from the ones for P− = 26.2 MPa significantly. The pressure level of P− = 80.7 MPa resulted in an extreme outcome, and its result is shown separately in Fig. 7 .
are not displayed (the results for P− = 27.3 and 27.9 MPa lie between P− = 26.2 and 32.0 MPa, and the result for 43.2 MPa lies between P− = 37.8 and 48.5 MPa). Fig.  8(c) shows the quantified area of the lesion as a function of the number of applied histotripsy pulses. The normalized lesion area is shown in Fig. 8(d) , and as can be seen, the lesions that were created with lower pressure levels developed more slowly. The average numbers of histotripsy pulses required to reach 80% lesion development were 200 (P− = 26.2 MPa), 181 (P− = 27.3 MPa), 170 (P− = 27.9 MPa), 121 (P− = 32.0 MPa), 86 (P− = 37.8 MPa), 92 (P− = 43.2 MPa), 87 (P− = 48.5 MPa), and 115 (P− = 80.7 MPa). an exception occurred at P− = 80.7 MPa, for which the lesion developed more slowly than P− = 48.5 MPa. This could be attributed to the sparsely distributed single bubbles generated in the prefocal grating lobe because the applied pressure there approached the P lsE threshold.
B. Ex Vivo Canine Kidney Experiments
The results for the experiments performed on the canine renal specimens are summarized as follows and shown in Figs. 9 and 10 . The sample sizes for the pressure levels of P− = 28.5, 30.2, and 45.8 MPa are 5, 5, and 7, respectively. Fig. 9 shows representative b-mode images of the canine renal specimens after the application of 500 histotripsy pulses with these three pressure levels. as can be seen, the backscatter intensity of the tissue specimen decreased after treatment, resulting in hypoechoic regions on b-mode imaging. Moreover, these hypoechoic regions were larger when histotripsy at a higher pressure level was applied.
The representative histological sections are displayed in Figs. 10(a)-10(c) . as shown in the histological sections, the intended treatment regions had lost their normal architecture and contained only acellular granular debris, and a larger spatial extent of the lesion occurred when a higher pressure level was applied. The lesion sizes quantified from histological sections and b-mode images are shown in Figs. 10(d) and 10(e), along with the estimates for the lesion sizes based on the regions that are above the P lsE threshold. as can be seen from the figure, the lesion sizes quantified by the histological sections were similar as those quantified by b-mode images, with statistically significant difference occurring only at the applied pressure level of P− = 30.2 MPa (p-values = 0.002 and 0.02 in the lateral and axial directions, respectively). In the lateral dimension of the lesion [ Fig. 10(d) ], the quantified lesion widths lay close to the estimates, where the quantified lesion widths in histological sections were 0.22 (P− = 28.5 MPa), 0.31 (P− = 30.2 MPa), and 0.73 mm (P− = 45.8 MPa) larger than the estimates. In the axial dimension of the lesion [ Fig. 10(e) ], the quantified lesion lengths lay close to the estimates, where the quantified lesion lengths in histological sections were 0.31 (P− = 28.5 MPa), 0.62 (P− = 30.2 MPa), and 0.65 mm (P− = 45.8 MPa) larger than the estimates.
C. Ex Vivo Canine Liver Experiments
The results for the experiments performed on the canine hepatic specimens are summarized as follows and shown in Figs. 11 and 12 , and the sample sizes for the pressure levels of P− = 29.3, 31.0, and 47.1 MPa are 5, 5, and 8, respectively. Fig. 11 shows representative b-mode images of the hepatic specimens after the application of 500 histotripsy pulses. similar to the result in Fig. 9 , hypoechoic regions occurred on b-mode images after histotripsy treatment, and these regions were larger when histotripsy at a higher pressure level was applied.
The representative histological sections are displayed in Figs. 12(a)-12(c) . similar to the case in renal specimens, the intended treatment regions had lost their normal architecture and contained only acellular granular debris, and a larger spatial extent of the lesion occurred when a higher pressure level was applied. The lesion sizes quantified from histological sections are shown in Figs. 12(d) and 12(e), along with the lesion sizes of canine kidney for comparison. as can be seen, lesion sizes in both lateral and axial directions increased as the applied P− increased. because the empirical values of p t and σ for liver were not determined [17] , no estimates were calculated in this case.
IV. discussion
In this paper, precise and controlled lesions were generated by the intrinsic threshold mechanism in both rbc phantoms and ex vivo canine specimens. In comparison to the bubble clouds and lesions generated by the shock scattering mechanism shown in our previous studies [12] , [18] , [21] , [22] , those generated by the intrinsic threshold mechanism have two advantageous characteristics. First, the shape of the bubble cloud generated by the intrinsic threshold mechanism is well-confined and corresponds well to the shape of the transducer focal zone, whereas the shape of the bubble cloud generated by the shock scatter- Fig. 7 . The extreme case where P− = 80.7 MPa was applied and one of the grating lobes (post-focal) in the axial direction was close to the threshold for lesion size estimation, P lsE . (a) The representative lesion images in red blood cell (rbc) phantom for pulses 1, 10, 20, 50, 100, and 500. These images were taken in the axial-lateral plane of the therapy transducer, and the histotripsy pulses propagated from the left to the right of the image. collateral damage along axial direction was observed. ing mechanism is variable and somewhat unpredictable. because tissue fractionation is directly correlated to the activity of the cavitational bubble cloud, the shape of the lesions produced by the intrinsic threshold mechanism is more predictable and has a better agreement to the shape of the transducer focal zone. second, the bubble clouds generated by the intrinsic threshold mechanism are more uniform and consistent within the region exceeding the intrinsic threshold, whereas the bubble clouds generated by the shock scattering mechanism can be isolated to subvolumes of the focus because of complex scattering behavior. Therefore, the intrinsic threshold mechanism can potentially lead to more efficient and complete lesion development.
Moreover, using this intrinsic threshold mechanism, very small and controlled lesions can be generated by allowing only a small fraction of the focal region to exceed the cavitation threshold. In this paper, the smallest reproducible lesions generated in rbc phantoms, canine renal specimens, and canine hepatic specimens averaged 0.90 × 1.86 mm (lateral × axial), 0.89 × 1.61 mm, and 0.91 × 1.73 mm, respectively. These values were much smaller than the wavelength of the transducer (λ = ~3 mm for 500 kHz in agarose hydrogel, kidney, and liver). In the lateral direction, the lesion widths were even smaller than the diffraction-limited −6-db focal pressure, λ/2. These results demonstrate that microscopic and precise lesions can be achieved using the intrinsic threshold mechanism; hence, we call it microtripsy.
The sizes of the lesions generated in this study corresponded well with the estimates based on how large the regions were above the P lsE threshold. However, a discrepancy was observed at higher pressure level, as can be seen in Figs. 8 and 10 . To address this discrepancy, we studied whether the focal size of the transducer remained the same at higher pressure levels. a University of Washington (UW) study [23] has investigated the dependency of focal size on the applied pressure level in high-intensity focused ultrasound (HIFU). both their simulated and experimental results suggested that when the applied acoustic pressure increased to a certain level, the −6-db beamwidths based on P− increased and the beamwidths based on P+ decreased, because of nonlinear acoustic propagation. Hence, we investigated whether the focal size, for the therapy transducer used in this study, changed with the applied pressure level. Using the fiber optic probe hydrophone (FoPH), 1-d beam profile scans along the lateral and axial directions were performed with 100 µm step size, and the corresponding −6-db beamwidths based on P+ and P− are plotted in Fig. 13 . The −6-db beamwidths based on P− increased from 1.80 × 4.04 mm (lateral × axial) at P− = 8.7 MPa to 1.94 × 4.26 mm at P− = 18.4 MPa. The −6-db beamwidths based on P+ decreased from1.72 × 3.77 mm at P− = 8.7 MPa to 1.58 × 3.43 mm at P− = 18.4 MPa. These results follow a trend similar to that described in the study from UW [23] , and is the likely explanation for the discrepancy between experimental lesion sizes and their estimates at higher pressure levels. although we couldn't get a direct measurement of the beamwidths at the pressure levels used in this study (because of the unavoidable cavitation on the fiber tip in the FoPH), this effect can be potentially modeled using a proper nonlinear simulation, and we may investigate this in the future. other potential explanations for the discrepancy between actual lesion sizes and the estimates include 1) the maximal bubble expansion is dependent on the applied peak negative pressure, and the higher the applied P− is, the larger is the expansion, and 2) the estimates of the lesion size were based on a simplified model rather than a sophisticated Monte carlo simulation demonstrated in [17] .
The ellipsoidal shape of the lesions generated at lower pressure levels corresponds well with the shape of the focal regions above the P lsE threshold. However, anomalous tear-drop-shaped lesions were observed at higher pressure levels and became pronounced at P− of 80.7 MPa, as shown in Figs. 6 and 7(a). This self-quenching phenomenon may be due to a reduction in pulse intensity as it propagates through the significantly larger lesion, resulting in a progressive reduction in the spatial extent of the supra-P lsE zone and the size of the bubble cloud. The reduction in intensity could result from work done in generating the bubble cloud in the proximal zone of the lesion and some self-shadowing resulting from the rapidly expanding bubbles. small residual bubbles from previous pulses would have a similar shadowing effect on subsequent pulses, particularly for larger lesions.
In the ex vivo canine tissue experiments, the lesions generated in hepatic tissue are slightly larger than the ones generated in renal tissue at the same applied pressure levels (before attenuation correction). Most of this difference can be attributed to the difference in attenuation, because, as shown in Figs. 12(d) and 12(e), the results from two different tissues are actually closer to each other and follow a similar trend after attenuation correction. another potential explanation is that hepatic tissue has lower young's modulus (yM) than renal tissue; a previous study [24] shows that the tissue erosion process is faster in softer tissue (i.e., lower yM). additionally, as shown in [17] , the expansion of the bubble is larger in softer tissue, potentially resulting in larger produced lesions.
besides the lesions generated using the 500-kHz transducer in this study, an experiment was performed in an rbc phantom using a 3-MHz 7-element transducer to demonstrate the lesion production of the intrinsic threshold mechanism using a transducer of considerably higher frequency (3 MHz). The active elements in the transducer consisted of 20-mm-diameter PZT-4 discs, each individually mounted to an acoustic lens with a geometric focus of 40 mm. The lateral and axial −6-db beamwidths of the 7-element transducer were measured to be 0.31 and 1.42 mm, respectively. The elements were driven by a high-voltage pulser that gave an acoustic output of less than 2 cycles. Histotripsy pulses (100 pulses in total) were delivered at a PrF of 1 Hz for each intended treatment location. The smallest reproducible lesion for a single-focal-spot exposure has an average size of 0.16 × 0.27 mm (axial × lateral). although this 3-MHz transducer did not share the same design as the 500-kHz transducer, the size of the smallest reproducible lesion was approximately 1/6 of that generated with the 500-kHz transducer. Fig. 14 shows a lesion generated in an rbc phantom using this 3-MHz transducer; this phantom was moved mechanically with a motorized positioning system during the treatment, creating an M character followed by a vertical scale bar and a string of characters reading "1 mm." This figure demonstrates the precision that can be achieved with micotripsy using a 3-MHz transducer. This microtripsy technique based on the bubble clouds generated by the intrinsic threshold mechanism can be quite beneficial in cases in which microscopic and welldefined tissue ablation is required. Especially, as shown in the study, very precise lesions could still be achieved using a low-frequency transducer as long as we carefully allow only a small fraction of the focal zone to exceed the intrinsic threshold. low-frequency transducers would be favorable in applications that require long ultrasound penetration depth or where the intended targets have very attenuative overlying tissues, such as in transcranial brain therapy. Moreover, low-frequency single-cycle (or close) pulses minimize phase aberration. In the future, we plan to apply supra-intrinsic threshold histotripsy (microtripsy) to very specific applications including transcranial and ophthalmologic procedures. We also plan to investigate different strategies on how to more precisely control the small fraction of the focal volume that exceeds the intrinsic threshold.
V. conclusion
In this study, the capability of histotripsy to generate precise, sub-wavelength lesions is demonstrated both in rbc phantoms and ex vivo canine tissues. This microtripsy procedure uses the highly repeatable and very sharp transition zone in cavitation probability inherent to bubble cloud generation above the intrinsic threshold. lesion sizes in both axial and lateral directions can be increased by increasing the applied peak negative pressure. These lesion sizes corresponded well to the dimensions of the focal beam profile estimated to be beyond the intrinsic cavitation threshold, although there was a discrepancy at higher applied pressure levels (P− > 35 MPa), most likely accounted for by an increase in the size of the peak negative pressure focal zone as a result of nonlinear propagation processes. This microtripsy technique can be significantly useful in the clinical applications where precise, microscopic tissue ablation is required, particularly where low frequencies are indicated, while still maintaining small precise sub-wavelength lesions. The authors thank dr. s. yoshizawa for the discussion about the dependency of focal size on applied pressure level, dr. c. X. deng for letting us use her Visualsonics Vevo770 system, and a. P. duryea for his help in assembling the 3-MHz transducer mentioned in section IV. references
